When individuals are measured more than once in the same context they do not behave in 16 exactly the same way each time. The degree of predictability differs between individuals, with 17 some individuals showing low levels of variation around their behavioural mean while others 18
INTRODUCTION 36
Individuals within a population often differ consistently in many aspects of their behaviour 37 (Sih, Bell et al. 2004 ). Consistent differences in behavioural traits, such as aggressiveness, 38
shyness, sociability and activity between individuals have given rise to the growing field of 39 animal personality and has motivated the development of many evolutionary theories aimed at 40 understanding the processes that allow and maintain such within population variation (Réale, 41 Reader et al. 2007) . 42
This consistency does not mean that the behaviour of an individual is readily 43
predictable. An increasing number of studies have shown that when individuals are measured 44 more than once in the same context they do not behave in exactly the same way each time 45 (Bell, Coppens et al., 2010), within-individual variation in behaviour is often assumed to be 52 homogenous across individuals. Therefore, not much is known about the factors that affect 53 this large but understudied component of behavioural variation (Bell, Hankison et al., 2009) . 54
Insight into the potential genetic control of intra-individual behavioural variability is crucial 55 for disentangling its proximate causes and thereby fine-tune tests of hypothesis about the 56 evolution of this type of behavioural variance. 57
In this study, we combine standardized behavioural tests to estimate within-individual 58 variation in anxiety and sociability related behaviours with large-scale genetical genomics 59 analysis to identify genes affecting intra-individual behavioural variability in a population of 60 chickens. By combining quantitative trait locus (QTL) and expression QTL (eQTL) analyses 61 of the brains of an advanced intercross based on Red Junglefowl (the wild progenitor of the 62 modern domestic chicken) and domestic White leghorn chickens we identify putative genes 63 underlying phenotypic differences in intra-individual behavioural variability and to what 64 degree these differ between behavioural trait. 65 66 METHODS 67
Chicken study population and cross design 68
The population used in this study was an eighth generation intercross between a population 69 of Red Junglefowl, derived originally from Thailand and a line of selected White Leghorn 70 chickens (Schütz et al. 2002 (Schütz et al. , 2004 , with a total of 572 F8 individuals used in this study. 71
This advanced intercross has already been used to identify candidate genes underlying 72 variation in anxiety and sociability related behaviours (Johnsson et al., 2016; Johnson et al. 73 2018) . The birds were behaviourally tested between the age of 3 weeks and adulthood. The 74 hypothalamus was dissected out at 212 days of age and RNA extracted. For further details on 75 feed and housing see Johnsson et al. (2012) . The study was approved by the local Ethical 76
Committee of the Swedish National Board for Laboratory Animals. All methods were 77 performed in accordance with the relevant guidelines and regulations. 78
79

Behavioural phenotyping 80
Defining intra-individual variability as a trait 81
To test if intra-individual behavioural variability is trait-specific or can be viewed as a trait of 82 its own that transcends different behaviours and situation we tested intra-individual variability 83 in several behavioural traits across three separate anxiety related tests (Open field (OF), 84
Social reinstatement (SR) and Tonic immobility (TI) -see below for more details). Within-85 individual variation in behaviour between trials was used to calculate the magnitudes of Intra-86 individual variation (IIV, see figure 1, and below). With increasing magnitude indicating 87 increasing intra-individual variation. Initially the magnitude of intra-individual variation was 88 calculated for each behaviour (IIV trait ). Secondly, these calculations of magnitude were used 89 to calculate an average intra-individual variation magnitude per test (IIV average ) and finally a 90 global magnitude of intra-individual variation was calculated for each individual based on all 91 the recorded behaviours from the three tests (IIV global ), see below for more details). 92
93
Calculating the magnitude of intra-individual behavioural variability 94
Intra-individual variation (IIV) was calculated for each behavioural trait (IIV trait ) as the 95 absolute difference in values obtained for that trait in trial 1 versus trial 2. Then an average 96 
Social reinstatement 110
The social reinstatement test (Suarez and Gallup, 1983) , measures social motivation and 111 anxiety, with stressed chicks exhibiting a stronger social cohesion response (Marin et al., 112 2001) . In this test, the individual is placed at one end of a narrow arena, with conspecifics 113 located at the far end. The amount of time the individual spends associated with the 114 conspecifics as opposed to exploring the remainder of the arena is considered a measure of 115 sociality and anxiety. A more social or anxious animal will spend more time associating with 116 conspecifics and will approach the conspecifics more rapidly, and therefore spend less time in 117 the start zone of the arena (Marin et al., 2001). Trials were performed in a 100cm x 40cm 118 arena. The social zone measured 20cm x 40cm and was adjacent to a wire mesh compartment 119 containing three unfamiliar conspecific birds of the same age. Birds were placed in the start 120 zone of the arena (also measured 20cm x 40cm) in the dark, prior to the lights being turned on 121 and the trial beginning. Measurements were taken using the Ethovision software and 122 continuous video recording (Noldus Information Technology, www.noldus.com). For each 123 trial, total distance moved, velocity, length of time spent in the stimulus zone, latency to first 124 enter the stimulus zone, and length of time in the start zone were measured. Each trial was 125 five minutes and replicated twice per individual, with one week between an individual's first 126 and second test. Individuals were immediately removed from the arena upon the completion 127 of the test to reduce potential habituation. Trials were replicated twice per individual, with 128 each trial being 5 min in length. Trials were performed at 3 weeks of age. There was 1 week 129 between an individual's first and second trial. Individuals were immediately removed from 130 placed in the corner of the arena in complete darkness, prior to the test starting, with the lights 138 turned on immediately at the commencement of the test. Trials lasted 5 min. Measurements 139 were taken using the Ethovision software and continuous video recording (Noldus 140 Information Technology, www.noldus.com). For each trial, total distance moved, proportion The third test, the tonic immobility test, measures an individual duration of immobility after 149 being placed on its back and is thought to be a defence strategy evolved to reduce a predator's 150 interest in the prey, when the prey stops moving after it has been caught. The longer the 151 animal stays in this immobile state the more fearful it is considered to be. In our study, the 152 test bird was placed on its back in a V-shaped wooden cradle (approximately 50cm in length) 153 and held by the experimenter with one hand over the sternum. The bird was held for 10 s and 154 then the hand was slowly removed. The duration of tonic immobility was recorded up to 155 600 sec. If the bird stood up within 30 sec. after the hand was removed from its sternum, new 156 attempts to induce tonic immobility were made with up to three attempts per bird was allowed 157 (for more information see Fogelholm et al., 2019). The birds were tested after sexual maturity 158 at ~170 days of age, with 7 days between each trial. 159 160
Hypothalamus RNA isolation and microarrays 161
The Hypothalamus was selected for this analysis due to its pivotal role in the hypothalamic- was considered suggestive, with this being more conservative than the standard suggestive 200 threshold (Lander and Kruglyak 1995), while a 5% genome-wide level was significant. The 201 ∼5% significant threshold was LOD ∼4.4, while the suggestive threshold was ∼3.6. 202
Confidence intervals for each QTL were calculated with a 1.8 LOD drop method (i.e., where 203 the LOD score on either side of the peak decreases by 1.8 LOD), with such a threshold giving 204 an accurate 95% confidence interval for an intercross type population (Manichaikul et al. 205 2006) . The nearest marker to this 1.8 LOD decrease was then used to give the confidence 206 intervals in megabases. Epistatic interactions were also assessed using a permutation 207 threshold generated using R/qtl, with a 20% suggestive and 5% significant genome-wide 208 threshold once again used. In the case of epistatic loci, the approximate average LOD 209 significance threshold for pairs of loci were as follows (using the guidelines given in Broman 210
and Sen (2009) full model ∼11, full vs. one ∼9, interactive ∼7, additive ∼7, additive vs. one 211
∼4. 212 213
Candidate Gene Analysis 214
To identify putatively causal genes underlying intra-individual behavioural variability, 215 candidate QTL were overlapped with eQTL detected in the same cross (see Johnsson 2016). 216
Once these QTL and eQTL were overlapped, each significant eQTL that overlapped a QTL 217 was correlated with the behavioural trait of the QTL to test for a significance. For each eQTL 218 overlapping a behaviour QTL, a linear model was fitted with the behaviour trait as a response 219 variable and the expression trait as predictor, including sex and batch as factors. Weight at 42 220 days was included for traits where weight was used as a covariate in the QTL analysis. Any 221 that were significantly correlated were then used for the final causality analysis using NEO 222 (see below). One issue with using this approach with this particular data set is that the 223 behavioural QTL were based on up to 572 individuals, whereas the eQTL/expression 224 phenotypes were available only for 129 individuals. Therefore, the network edge orienting 225 (NEO) method for causality testing was applied only where the behavioural QTL that a gene 226 was potentially causative to was detectable in the smaller data set (n = 129). This technique 227 has previously been successfully used with this intercross to detect genes that were potentially 
Within-individual behavioural variability is consistent within tests and contexts 280
Correlations of the different intra-individual behavioural variability scores show that 281 individuals were consistently predictable or unpredictable within the SR-test and OF-test, 282 (Table 1) . For some behavioural traits, the magnitude of intra-individual variability was even 283 more strongly positive correlated between behaviours in different test-situations, than 284 behaviours within the same test situation (see table 1 Furthermore, it should be noted that the above IIV QTLs did not overlap the behavioural QTL 312 from the mean behavioural traits they were based on (see figure 2 ). These finding demonstrate 313 for the first time that behavioural IIV is a trait which is under separate genetic control and 314 adds proof to the concept of behavioural IIV being a trait in and of itself. analysis led to the identification of 10 putative genes underlying phenotypic differences in 328 behavioural IIV, with these genes then taken to the next step of causality analysis (see table  329 2). 330
Since correlations alone are not enough to indicate the direction of the relationship 331 between the candidate genes and behavioural, and support causality, we then utilized the with twice as high model p-value than the next best model. In NEO and structural equation 341 modelling in general, a small model p-value (e.g., p < 0.05) indicates a poor model fit. Our 342 NEO analysis found 6 of the candidate genes (Novel gene/X603599288F1, ITGBL1, SFRP4, 343 X603600179F1/ LOC100136711, MAP7, ENPP1) passed the threshold of 0.3 for being 344 suggestive, and are therefore potentially causative to IIV behaviours (see table 2 ). The NEO 345 analysis also showed support for the gene C7H2oRF47 as controlling the magnitude of 346 QTL for the behavioural scores IIV were based on. However, the IIV QTL did not overlap the 371 behavioural QTL from the mean behavioural traits they were based on. Our study thereby 372 shows that within-individual variance in behaviour has a direct genetic basis which is largely 373 unique compared to the genetic architecture for the standard behavioural measures they are 374 based on. 375
We identified 6 candidate genes underlying intra-individual variation in behaviour. 376 Some of these genes have previously been shown to be involved in natural behavioural 377 variation and neural development, behaviour between juveniles and adults. Another, explanation could be that the TI-test 418 situation is different from the two other tests used in this study. In the TI-test a test-person 419 physically restrains the bird to induce fear whereas in the SR-test and OF-test the test-person 420 stays out of sight. Tonic immobility might therefore elicit a more direct fear response to a 421 "predator" whereas the SR-test and OF-test measures an animal's anxiety levels when feeling 422 exposed and alone. This would indicate that intra-individual variation in behaviour is trait 423 specific, at least to some extent. It would therefore be interesting in future studies to explore 424 intra-individual variation in behaviour across more direct fear inducing tests, to see if the 425 magnitude of intra-individual behavioural variation in the TI-test is test or trait-specific. 426
427
In conclusion, this study demonstrates that within-individual behavioural variation, like other 428 behavioural traits, shows consistent differences between individuals and genotypes, even 429 when animals are tested and reared in the same environment. This kind of behavioural 430 variability between individuals has its own unique genetic architecture, separate from the 431 behavioural traits it is based upon and therefore represents an important axis of consistent 432 behavioural variation that evolution can act on. Our analysis also highlights six genes as 433 putatively causative for intra-individual behavioural variation, four of which have been 434 previously linked to behaviour and neural development. File, S.E., Kenny, P.J. and Cheeta, S., 2000. The role of the dorsal hippocampal serotonergic 506 and cholinergic systems in the modulation of anxiety. Pharmacology Biochemistry and 507
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